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[1] We studied dynamics of O" ions during the superstorm that occurred on 29—31
October 2003, using energetic (9—210 keV/e) ion flux data obtained by the energetic
particle and ion composition (EPIC) instrument on board the Geotail satellite and neutral
atom data in the energy range of 10 eV to a few keV acquired by the low-energy neutral
atom (LENA) imager on board the Imager for Magnetopause-to-Aurora Global
Exploration (IMAGE) satellite. Since the low-energy neutral atoms are created from the
outflowing ionospheric ions by the charge exchange process, we could examine
variations of ionospheric ion outflow with the IMAGE/LENA data. In the near-Earth
plasma sheet of Xggs ~ —6 Rg to —8.5 Ry, we found that the H' energy density showed
no distinctive differences between the superstorm and quiet intervals (1-10 keV cm ),
while the O" energy density increased from 0.05—-3 keV cm > during the quiet
intervals to ~100 keV ¢cm > during the superstorm. The O'/H" energy density ratio
reached 10—20 near the storm maximum, which is the largest ratio in the near-Earth
plasma sheet ever observed by Geotail, indicating more than 90% of O in the total energy
density. We argued that such extreme increase of the O'/H" energy density ratio

during the October 2003 superstorm was due to mass-dependent acceleration of ions by
storm-time substorms as well as an additional supply of O ions from the ionosphere

to the plasma sheet. We compared the ion composition between the ring current and the
near-Earth plasma sheet reported by previous studies and found that they are rather
similar. On the basis of the similarity, we estimated that the ring current had the O'/H"
energy density ratio as large as 10—20 for the October 2003 superstorm.
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1. Introduction

[2] An extremely intense geomagnetic storm occurred on
29-31 October 2003. This storm was initiated by a sudden
commencement at 0612 UT on 29 October, as can be seen in
the SYM-H index (Figure 1), which is almost equivalent to
the 1-min Dst index [lyemori et al., 1992]. The SYM-H index
showed two local minima in the middle of 29 October and in
the beginning of 30 October, followed by the minimum at
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2255 UT on 30 October with the value of —432 nT. Around
the time of minimum of SYM-H (SYM-H,,;,), the Geotail
satellite was located in the near-Earth geomagnetic
tail (Xgspr ~ —6 Ry to —8.5 Ry) and the Imager for
Magnetopause-to-Aurora Global Exploration (IMAGE)
satellite was on the morningside. The Geotail satellite carried
the energetic particle and ion composition (EPIC) instrument
that can measure energetic (9—210 keV/e) ion flux with mass
and charge state information; the IMAGE satellite carried the
low-energy neutral atom (LENA) imager that can detect
neutral atoms of 10 eV to a few keV generated by charge
exchange with ionospheric outflow ions. In this study we
studied how energetic ion composition in the near-Earth
plasma sheet was changing during the October 2003 super-
storm and how the ion composition change was related to
ionospheric ion outflow, using both the Geotail/EPIC data
and the IMAGE/LENA data.

[3] It has been reported by a large number of previous
studies that ion composition in the ring current changes
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Figure 1. The SYM-H index for the October 2003
superstorm. Horizontal bars indicate the time intervals
when the Geotail/EPIC data were analyzed. The blue bar is
from 1200—-2100 UT on 25 October, the red bar is from
1700 UT on 30 October to 0200 UT on 31 October, and
the green bar is from 2200 UT on 4 November to 0700 UT
on 5 November.

drastically during magnetic storms [Gloeckler et al., 1985;
Krimigis et al., 1985; Hamilton et al., 1988; Roeder et al.,
1996; Daglis, 1997; Daglis et al., 2000; Feldstein et al.,
2000; Greenspan and Hamilton, 2002]. Roeder et al. [1996]
and Daglis [1997] reported that the O"/H" energy density
ratio reached to even 2—3 for the large magnetic storm with
minimum of Dst of —298 nT which occurred on 23 March
1991. It is of great interest to examine the O'/H" energy
density ratio in this superstorm (SYM-H,,;, = —432 nT).
However, no satellites made in situ observations of ion
composition in the inner magnetosphere during this event.
We used the Geotail observation in the plasma sheet to
estimate the O'/H" ratio in the ring current because the
plasma in the near-Earth plasma sheet is considered as a
direct source of the ring current plasma.

[4] The organization of this paper is as follows. In section
2 we describe the Geotail and IMAGE data used in this
study. We selected three time intervals for analysis, one of
which is the superstorm interval and two of which are quiet
intervals (i.e., intervals before and after the superstorm). In
section 3 observations with the Geotail/EPIC and IMAGE/
LENA instruments are shown. It was found that the O"/H"
energy density ratio during the superstorm had the largest
value in the Geotail observations of the near-Earth plasma
sheet (XGSM =—10 RE to 0 RE and ‘YGSM| S 8 RE) till the
end of 2003. (Before the superstorm occurs, the largest ratio
in the near-Earth plasma sheet observed by Geotail was 3—
4.5 during the storm of 5 October 2000.) Increases of the
O'/H" energy density ratio were associated with storm-time
substorms and ion outflow from the ionosphere. In section 4
we discuss dynamics of O ions during the superstorm and
estimate the ring current ion composition from the Geotail
measurement. The conclusions are given in section 5.

2. Instrumentation and Data Set
2.1. Geotail and IMAGE Satellites

[s] The Geotail satellite was launched on 24 July 1992
[Nishida, 1994]. In October 2003 the satellite was in the
near-Earth orbit having a perigee of ~9 R, an apogee of
~30 R, an inclination of ~—9.5°, and an orbital period of
~125 hours. The EPIC instrument on board the Geotail
satellite is composed of two separate sensors, the supra-
thermal ion composition spectrometer (STICS) and the ion
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composition subsystem (ICS) [Williams et al., 1994]. In this
study we utilized data from the STICS sensor that measures
differential fluxes of H" and O" ions with energy range of
9-210 keV/e in eight logarithmically spaced energy steps.
Spatial coverage of the STICS sensor is almost 4w sr. One
complete energy spectrum is provided in a time resolution
of ~24 s. From each energy spectrum we calculated energy
densities of H" and O" ions in the same way as that by Nosé
et al. [2001, 2003]. Then the calculated H" and O" energy
densities were averaged over 5 min, which are used in the
following analysis. The magnetic field data acquired by the
magnetic field (MGF) experiment on board Geotail were
also examined [Kokubun et al., 1994]. Time resolution of
the MGF data used here is 1 min.

[6] The IMAGE satellite was launched into a polar orbit
with a perigee of 1000 km altitude and an apogee of 8.2 Rg
on 25 March 2000 [Burch, 2000]. Its orbital period is 14.2
hours. The satellite spins in the reverse cartwheel mode; that
is, the spin vector is antiparallel to the orbital momentum
vector. The LENA instrument on board the IMAGE satellite
was designed to measure neutral atoms in the energy range
of ~10 eV to a few keV with mass information [Moore et
al., 2000]. The neutral atoms incoming to the instrument hit
a tungsten conversion surface at grazing incidence, where a
small fraction of them is converted to negative ions. Then
the negative ions are detected by the electrostatic analyzer
and the time-of-flight mass spectrometer. It has been
reported that energetic neutral O hitting the tungsten con-
version surface can sputter O~ and H™ and that energetic
neutral H at energies above ~300 eV can sputter H™ and
O™ from the surface as well [Moore et al., 2000; Collier et
al., 2001; Khan et al., 2003]. This feature makes it com-
plicated to determine the composition of the incident neutral
atoms from the observed time-of-flight spectrum. Thus we
used data combining the H and O peaks in the time-of-flight
spectrum. A field of view of the LENA instrument spans
+45° against a plane perpendicular to the satellite spin axis
and it is divided by 12 polar sectors. As the satellite spins,
the instrument sweeps out 360° in azimuth direction, which
is divided by 45 azimuthal sectors. One complete image
covering an area of 90° (polar) x 360° (azimuth) is obtained
over one spin period (2 min) with 12 x 45 pixels, each of
which has a ~8° x 8° angular resolution. In the following
analysis we used data averaged over the 12 polar sectors,
that is, azimuthally binned data.

2.2. Time Interval for Analysis

[7] We selected a time interval of 1700 UT on 30 October
to 0200 UT on 31 October for analysis, which is indicated
by a horizontal red bar in the bottom of Figure 1. Note that
the red bar covers the SYM-H,,,;,. The Geotail orbit during
this 9-hour time interval is indicated with a red line in
Figure 2. Red dots on the line designate the locations of
Geotail every 1 hour. In this time interval Geotail surveyed
the near-Earth region of Xgg1, = —6 Rg to —8.5 Rg.

[8] We also examined the ion composition during inter-
vals that are separated by one Geotail orbital period (about
125 hours) from the aforementioned storm interval. These
intervals are shown with blue and green bars in the bottom
of Figure 1; the blue bar is from 1200-2100 UT on 25
October (before the superstorm) and the green bar is from
2200 UT on 4 November to 0700 UT on 5 November (after
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Figure 2. Geotail orbits in the equatorial plane during the
superstorm (red) and the quiet intervals (blue and green).
Time intervals correspond to those shown in Figure 1 with
the same color. Dots on the orbits show the locations of
Geotail every 1 hour.

the superstorm). The SYM-H index in the former interval
shows only slight variations. The latter interval is in the
recovery phase of a moderate magnetic storm that started in
the beginning of 4 November. The SYM-H index through-
out these intervals was mostly —30 nT to —40 nT. We refer
these intervals as quiet intervals thereafter because SYM-H
of —30 nT to —40 nT is much larger than SYM-H,;, of
—432 nT. Geotail orbits for these quiet intervals are shown
in Figure 2 with corresponding colors. It should be noted
that Geotail surveyed the nearly same area in both the storm
(red) and quiet (blue and green) intervals.

3. Observations

3.1. Plasma Sheet Ion Composition Observed by
Geotail/EPIC/STICS

[o] Figure 3 compiles the SYM-H index as well as
the Geotail/EPIC and Geotail/MGF data. Figure 3a is the
SYM-H index, and Figures 3b—3e give the H' energy
density, the O" energy density, the magnetic field in the
X component, and the O'/H' energy density ratio,
respectively. In each panel we plotted data of the storm
and quiet intervals (i.e., the three 9-hour intervals stated
above). Different colors mean different intervals, that is, red
for the storm interval, blue for the former quiet interval, and
green for the latter quiet interval. (Unfortunately, Geotail
had no measurements from 2200 UT on 4 November to
0040 UT on 5 November.) This style of data presentation
makes it easy for us to compare the Geotail data in
the almost same area of the near-Earth tail between
different geomagnetic conditions, as can be understood
from Figure 2.

[10] The SYM-H index shown with red color decreased
gradually from —100 nT to the minimum, followed by a
recovery to about —250 nT. The blue and green traces of the
SYM-H index stayed at the level of —30 nT to —40 nT.
From Figure 3b we notice that the H energy density in the
storm interval was 1-10 keV cm 3 and those in the quiet
intervals were 0.5—10 keV cm . There were no significant
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differences in the H' energy density among the three
intervals. However, the O" energy density in the storm
interval was much larger than those in the quiet intervals
(Figure 3c). The O" energy density gradually increased
from 1 keV cm > to 100 keV cm " as the magnetic storm
developed and then decreased to 10 keV ¢cm > by 0200 UT
on 31 October. In the former and latter quiet intervals (blue
and green), the O" energy density was 0.1-3 keV cm > and
0.05—1 keV cm >, respectively. The magnetic field in the X’
component plotted in Figure 3d indicates that the locations
of Geotail relative to the current sheet were variable, in
particular, during the storm interval. Thus the energy
density may contain a spatial effect. For example, from

(a) 100 SYM H Index

0
100
-200F
-300F-
-400 -

(nT)

-500
10/25 12:00
10/30 17:00
11/04 22:00

(b) Geotall EPIC/STICS

13: OO
18:00
23:00

14 00
19:00
24:00

15 00
20:00
01:00

16 00
21:00
02:00

17 00
22:00
03:00

18 00
23:00
04:00

19 00
24:00
05:00

H+ Energy Den5|ty

0.01
10/25 12:00
10/30 17:00
11/04 22:00

14 00
19:00
24:00

15 00
20:00
01:00

16 00
21:00
02:00

17:00
22:00
03:00

18 00
23:00
04:00

19: 00
24:00
05:00

(© Geotall EPIC/STICS O+ Energy Densny

oo P Yt

00100y P B i P
10/25 12:00 15:00 16:00 17:00 18:00 19:00
10/30 17:00 20:00 21:00 22:00 23:00 24:00
11/04 22:00 01:00 02:00 03:00 04:00 05:00

(@ ot Geotall MGF Bx (GSM)

180 F

=
<

-240
10/25 12:00
10/30 17:00
11/04 22:00

© Geota|l EPIC/STICS o+/H+ Energy Densny Rat|o

15 00
20:00
01:00

16 00
21:00
02:00

17 00
22:00
03:00

18 00
23:00
04:00

19 00
24:00
05:00

10.00 L
1.00 7

0.10

0.01
10/25 12:00
10/30 17:00
11/04 22:00

13:00
18:00
23:00

14:00
19:00
24:00

15:00
20:00
01:00

16:00 17:00

21:00 22:00
02:00 03:00

urT

Figure 3. From top to bottom: (a) the SYM-H index; (b)
the H' energy density and (c) the O" energy density
calculated from the Geotail/EPIC/STICS data; (d) the X
component of the magnetic field measured by Geotail/
MGF; and (e) the O'/H" energy density ratio from Geotail/
EPIC/STICS. Different colors represent different time
intervals, as same as in Figures 1 and 2.
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Figure 4. (a) The O'/H" energy density ratio during the
October 2003 superstorm. The same as the red trace of
Figure 3e. (b) The Z component of the magnetic field
acquired by Geotai/MGF. Vertical arrows in both panels
correspond to beginning of the O"/H" energy density ratio
enhancement and dipolarization at 1840 UT, 1950 UT, and
2120 UT on 30 October.

red traces of the H" and O energy densities, we noticed that
the energy densities for 2130—-2230 UT were smaller than
those for 2050-2110 UT. This is probably caused by
Geotail’s motion from the inner plasma sheet to the outer
plasma sheet, as can be seen in change of By from ~0 nT to
100-200 nT. Therefore we calculated the O'/H" energy
density ratio to remove the spatial effect, assuming that the
ratio is spatially constant in the plasma sheet. The result is
shown in Figure 3e. The O"/H" energy density ratios during
the quiet intervals (blue and green) were 0.1-0.5. On the
other hand, the ratio was more than 1.0 in most of the storm
interval (red) and had an extremely large value of 10—
20 around 2230 UT, which is the largest value in the near-
Earth plasma sheet ever observed by the Geotail satellite. (In
the Geotail mission prior to the superstorm, the largest ratio in
the near-Earth plasma sheet of X5y, = —10 Rz to 0 Ry and
|YGsul < 8 R was 3—4.5 during the storm with SYM-H,,;,, =
—187nTon 5 October 2000.) This energy density ratio means
that O" ions carry more than 90% of the total energy density.
After the peak of 10—20, the O'/H" energy density ratio
started to decrease gradually. We attribute the decrease to
recovery of the superstorm (Figure 3a) and a change of the
Geotail location toward the dawnside (Figure 2), where the
energetic ion flux becomes lower than the duskside [Krimigis
and Sarris, 1979; Meng et al., 1981; Sarafopoulos et al.,
2001], particularly for O" ions [Nosé et al., 2005].

3.2. Substorm Effect on Ion Composition

[11] From a close inspection of Figure 3e we noticed that
the O'/H" energy density ratio during the superstorm
strongly increased in a timescale of <60 min after
1840 UT, 1950 UT, and 2120 UT. In order to see if these
increases are related to storm-time substorms, we examined
the Geotail/MGF data. Figure 4 displays the O'/H" energy
density ratio during the superstorm, which is identical to
that in Figures 3e, and the Z component of the magnetic
field in the same interval. Vertical arrows in Figure 4
indicate times when the energy density ratio started to
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increase (i.e., 1840 UT, 1950 UT, and 2120 UT). We found
that B, was gradually decreasing before the times of the
vertical arrows, followed by sudden increases by ~50 nT.
These are typical dipolarization signatures observed in the
near-Earth plasma sheet [e.g., Lui, 1978]. We also examined
energetic electron flux observed by the Los Alamos
National Laboratory (LANL) geosynchronous satellites.
The LANL-02A satellite observed electron flux enhance-
ments at ~1840 UT and 1950 UT; the LANL-01A satellite
observed flux enhancements at 1950 UT and 2120 UT (not
shown here). The above results lead us to conclude that the
increases of the O'/H" energy density ratio were associated
with storm-time substorms.

[12] It is noted that the first substorm gave rise to a rapid
(~10 min) increase of the energy density ratio, while the
second and third substorms were accompanied by rather
gradual (~60 min) changes. The expansion phase of the
second and third substorms ended around 2010 UT and
2140 UT, at which B, reached local maxima. Nevertheless,
the energy density ratio was still increasing after these
times, that is, in the recovery phase of substorms. We infer
that the increases of the O'/H" energy density ratio after the
second and third substorms are related to an additional
supply of O" ions from the ionosphere to the near-Earth
plasma.

3.3. Tonospheric Ion Outflow Observed by
IMAGE/LENA

[13] We examined the IMAGE/LENA data to test the
above idea that ionospheric ion outflow took place at
the second and third substorms. Figures 5a and 5b show
the orbit of the IMAGE satellite for the period of 1700 UT
on 30 October to 0200 UT on 31 October in the Xgsu-Yoss
and Xgsi-Zgsy planes. Dots and triangles indicate the
satellite locations at 1-hour intervals and at the substorm
onsets, respectively. Figure Sc displays the IMAGE/LENA
spectrogram for the storm interval. The vertical axis gives a
spin angle relative to the Earth (i.e., an Earth-centered
azimuth). Two white lines running around 0° represent
angular extent of the Earth. A bright yellow/red line starting
from ~180° and drifting across the spectrogram is “Sun
pulse,” which directs toward the Sun and is caused by the
charge exchange process of solar wind particles in the
magnetosheath [Collier et al., 2001]. A very high emission
(red) around the end of 30 October is considered to be
caused by radiation belt particles.

[14] Red arrows in Figure 5c indicate the onset times of
the substorms which were described in the previous sub-
section. At the second and third substorm onsets (at 1950 UT
and 2120 UT), emission of neutral atom was enhanced
around the Earth (i.e., around spin angle of ~0°), indicating
a flux enhancement of ionospheric ions flowing out from
the Earth. Although it is difficult to identify the ion
composition of the outflow with the LENA data, we
suppose that O" ions were dominant in this outflow because
the DE-1 measurements of ionospheric ion outflow revealed
that the O flux at energies of 10 eV to a few tens of keV
becomes larger than the H' flux during geomagnetically
active periods [Yau et al., 1985; Chappell et al., 1987]. In
Figure 5d we plotted the LENA count data averaged over
the Earth-centered azimuth of —44° to 44° (thin line) along
with the Geotail observation of the O'/H" energy density
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Figure 5. (a) Orbits of the IMAGE satellite in the Xgg-
Yesy plane for the storm interval. Dots and triangles
indicate the satellite locations at 1-hour intervals and at the
substorm onsets, respectively. (b) The same as Figure Sb
except for the Xgsp-Zgsar plane. (¢) The IMAGE/LENA
spectrogram for the storm interval with the horizontal axis
of time and the vertical axis of a spin angle relative to the
Earth. The count rate of neutral atom is color-coded. Two
white lines running around 0° represent angular extent of
the Earth. Red arrows indicate the onset times of the
substorms. (d) The LENA cound data averaged over
the Earth-centered azimuth of —44° to 44° (thin line) and
the Geotail observation of the O'/H" ratio which is the same
as that in Figures 3e and 4a (thick line).

ratio (thick line) for 1800—2300 UT on 30 October. It seems
that the enhancements of the neutral atom emission were
delayed against the enhancements of the O'/H" ratio by
<5 min. Since 1 keV oxygen atoms have a speed of
~110 km/s, it takes about 5 min for them to travel ~5 Ry
from the source (i.e., the site where charge exchange took
place) to the IMAGE satellite, suggesting that ionospheric
ion outflow was enhanced at almost the same time as the
second and third substorms. These observational results
support our idea. We also found that emission of neutral
atoms around the Sun pulse increased and spread over wider
spin angles at the same time. Such variations of emission
have been studied by Taguchi et al. [2004], who concluded
that they are caused by compression of the magnetosphere
during high solar wind dynamic pressure. This implies the
concurrence of ionospheric ion outflow and solar wind
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dynamic pressure enhancement, which is consistent with
results by Moore et al. [1999], Elliott et al. [2001], Fuselier
et al. [2002], and Cully et al. [2003]. Unfortunately, we
could not directly confirm the implication, because solar
wind density values measured by the Advanced Composi-
tion Explorer (ACE) satellite are uncertain on 30 October
and their time resolution is ~33 min [Skoug et al., 2004].
For the first substorm at 1840 UT, there was no clear
enhancement of emission around the spin angle of 0°. The
absence of emission enhancement does not necessarily
mean an absence of ion outflow from the ionosphere
because the IMAGE satellite was located near the geomag-
netic equatorial plane (geomagnetic latitude of ~9°) at
1840 UT (Figure 5b). At such low geomagnetic latitudes,
it is expected that neutral atoms created by charge exchange
with outflowing ionospheric ions, which have the field-
aligned pitch angle distribution at altitude higher than
6000 km [Gorney et al., 1981; Yau et al., 1984], are difficult
to detect.

4. Discussion
4.1. Dynamics of O Ions

[15] From the Geotail/EPIC/STICS observations, we have
found that the O'/H" energy density ratio during the super-
storm was noticeably enhanced at three substorm onsets of
1840 UT, 1950 UT, and 2120 UT (Figure 4). According to
Delcourt et al. [1990], Sanchez et al. [1993], and Nosé et al.
[2000], substorms can accelerate ions in a mass-dependent
way, resulting in more energization of O" ions than H" ions.
We consider that the ion acceleration by substorms is one of
the important processes for the observed O'/H" enhance-
ment during the October 2003 superstorm. However, it is
worth noting here that there are a few studies reporting that
substorms are less essential for ion composition change
[Nosé et al., 2001, 2003]. These studies have examined the
recovery phase of moderate storms (Dst ~ —140 nT) or the
main phase of weak storms (SYM-H ~ —50 nT); thus we
think that the results of these studies are not the case for the
main phase of the superstorm analyzed in the present study.

[16] After the second and third substorm onsets, the
energy density ratio continued to increase for about ~1 hour
even in the substorm recovery phase. The IMAGE/LENA
data showed that neutral atoms coming from the Earth were
increased at these substorm onsets, implying flux enhance-
ment of ionospheric ion outflow. A large number of
numerical simulations have been conducted to track such
ions after flowing from the ionosphere [e.g., Cladis, 1986,
1988; Cladis and Francis, 1992; Delcourt et al., 1999;
Chappell et al., 2000]. They found that most of these
ionospheric ions travel through the geomagnetic lobe and
then drift into the plasma sheet within less than 1 hour to
2 hours. Cladis [1986] revealed that the transit time from
the ionosphere to the plasma sheet becomes shorter as the
convection electric field becomes large. The convection
electric field during the superstorm was expected to be so
large that the transit time was as short as <1 hour. This is
consistent with the observed timescale of the O/H" energy
density ratio increase (Figure 3e and Figure 4a). Therefore
we consider that the additional supply of ionospheric ions to
the plasma sheet was another important process for the ion
composition change during the October 2003 superstorm.
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Figure 6. (a) Geotail observations of energy spectra of H"
ions for 1510—1540 UT on 25 October (blue), 2010—-2040
UT on 30 October (red), and 0110-0140 UT on 5
November (green). (b) The same as Figure 6a except for
O ions. (c) H" energy spectra for 1645—1715 UT on 25
October (blue), 2145—-2215 UT on 30 October (red), and
0245-0315 UT on 5 November (green). (d) The same as
Figure 6¢ except for O ions.

[17] Figures 6a and 6b show Geotail observations of
energy spectra of H" and O" for 30 min intervals after the
second substorm (2010—2040 UT on 30 October, shown in
red) and of two corresponding quiet intervals (1510—
1540 UT on 25 October and 0110—-0140 UT on 5 Novem-
ber, shown in blue and green). These spectra were obtained
in almost the same areas of (Xgsus, Yosm) ~ (—8.5, 0.5) R
(Figure 2). Figures 6¢ and 6d display energy spectra for the
third substorm and two quiet intervals (2145-2215 UT on
30 October, shown in red; 1645—1715 UT on 25 October,
shown in blue; 0245-0315 UT on 5 November, shown in
green) in the area of (Xgsus, Yasu) ~ (—8.5, —=2) Rg. From
Figures 6a and 6¢ we found that the H' spectrum during the
superstorm becomes harder than those during the quiet
intervals. However, the O" spectrum during the superstorm
shifts to higher flux overall as well as hardening (Figures 6b
and 6d). These spectrum changes suggest that H' experi-
enced acceleration during the superstorm, while O" experi-
enced both acceleration and increases in number density
during the superstorm. The density increases of O" ions in
the plasma sheet agree with the LENA observations.

4.2. Estimation of Ring Current Ion Composition

[18] There are no direct measurements of differential flux
of energetic O ions in the inner magnetosphere for this
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superstorm. Using the Geotail data obtained in the near-
Earth plasma sheet, we intend to estimate the O"/H" energy
density ratio in the ring current during the intense storm.
Figure 7 summarizes the O'/H" energy density ratios in the
ring current and the near-Earth plasma sheet which were
reported by previous studies. (This figure is reproduced
from Plate 2 of Nosé¢ et al. [2005] with some minor
modifications.) Open circles show the O'/H" energy density
ratios in the ring current region observed by the AMPTE/
CCE or CRRES satellites. Circles in the left part of a
vertical dashed line mean observations at quiet intervals.
A vertical or horizontal line is a range of the energy density
ratio or a range of the Dst index derived from a statistical
analysis. Numbers 1—-8 next to the circles indicate refer-
ences appearing at the bottom right corner of the figure.
Horizontal thick arrows show the O'/H' energy density
ratios in the near-Earth plasma sheet (magnetic local time of
1800—-0600 hour and radial distance of 8—15 Rg) obtained
by the 8.4-year Geotail/EPIC data [Nosé et al., 2005]. In
both the ring current and the near-Earth plasma sheet, the
energy density ratio increases as the Dst (or SYM-H) index
decreases. We found that the O'/H" energy density ratio in
the ring current is very similar to that in the near-Earth
plasma sheet.

[19] We overplotted the peak value of the O'/H" energy
density ratio for this superstorm with a filled circle in Figure 7.
The filled circle seems to follow the Dst (or SYM-H)
dependence of the energy density ratio expected from
the previous results, suggesting that the ring current ion
composition is nearly equivalent to the plasma sheet ion
composition even for the superstorm. Therefore we can
reasonably estimate the O'/H" energy density ratio in the
ring current to be 10—20 for the October 2003 superstorm.

5. Conclusions

[20] The Geotail/EPIC/STICS and IMAGE/LENA data
were used to study dynamics of O" ions during the October
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Figure 7. Summary of the O'/H" energy density ratio in
the ring current and the plasma sheet. Open circles represent
the ratio in the ring current reported by previous studies,
whose references are shown with numbers 1-8. Horizontal
arrows show the Geotail results for the plasma sheet by
Nosé et al. [2005]. The result of the October 2003
superstorm is shown with a filled circle.
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2003 superstorm. We found the following results: (1) The
H' energy density in the near-Earth plasma sheet during the
superstorm was almost similar to those in the quiet times
(1-10 keV em ), while the O" energy density in the near-
Earth plasma sheet showed a large difference between the
quiet times (0.05-3 keV cm °) and the superstorm
(~100 keV cm ). (2) The O"/H" energy density ratio
was found to reach 10—20 near the storm maximum, which
is the largest ratio in the near-Earth plasma sheet ever
observed by Geotail. (3) The O'/H" energy density enhance-
ments were related to substorm onsets which occurred at
1840 UT, 1950 UT, and 2120 UT on 30 October. (4) The O"
energy spectrum during the superstorm showed both
hardening and overall shift to higher flux. (5) When the
second and third substorms are initiated, emissions of neutral
atoms created from charge exchange with outflowing iono-
spheric ions are enhanced. Result 3 suggests that storm-
time substorms played an important role in the increase of
the O'/H" energy density ratio during the October 2003
superstorm. In addition, from results 4 and 5 we found that a
supply of extra O" ions from the ionosphere to the plasma
sheet is also essential to the observed O'/H" energy density
ratio changes during the superstorm.

[21] We compared the ion composition changes between
the ring current and the near-Earth plasma sheet, using
results reported by previous studies. The comparison
revealed that the ring current ion composition is similar to
the plasma sheet ion composition. Thus the result 2 above
leads us to assess the O'/H" energy density ratio in the ring
current at 10—20 for the October 2003 superstorm.
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